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Masking is said to occur when a mask stimulus interferes with the visibility of a target (test) stimulus. One widely held view 
of this process supposes interactions between mask and test mechanisms (cross-channel masking), and explicit models 
(e.g., J. M. Foley, 1994) have proposed that the interactions are inhibitory. Unlike a within-channel model, where masking 
involves the combination of mask and test stimulus within a single mechanism, this cross-channel inhibitory model 
predicts that the mask should attenuate the perceived contrast of a test stimulus. Another possibility is that masking is due 
to an increase in noise, in which case, perception of contrast should be unaffected once the signal exceeds detection 
threshold. We use circular patches and annuli of sine-wave grating in contrast detection and contrast matching 
experiments to test these hypotheses and investigate interactions across spatial frequency, orientation, field position, and 
eye of origin. In both types of experiments we found substantial effects of masking that can occur over a factor of 3 in 
spatial frequency, 45° in orientation, across different field positions and between different eyes. We found the effects to be 
greatest at the lowest test spatial frequency we used (0.46 c/deg), and when the mask and test differed in all four 
dimensions simultaneously. This is surprising in light of previous work where it was concluded that suppression from the 
surround was strictly monocular (C. Chubb, G. Sperling, & J. A. Solomon, 1989). The results confirm that above detection 
threshold, cross-channel masking involves contrast suppression and not (purely) mask-induced noise. We conclude that 
cross-channel masking can be a powerful phenomenon, particularly at low test spatial frequencies and when mask and 
test are presented to different eyes.  
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Introduction 
Masking is the psychophysical phenomenon where the 
presence of one stimulus (the mask) interferes with the 
visibility of another (the test, or target). During the early 
1980s the dominant account of this phenomenon was the 
“within-channel” model of masking. In this model, a target-
detecting mechanism is stimulated by the mask stimulus, 
which reduces the signal-to-noise ratio for the observer, 
typically by compressing the detecting mechanism’s re-
sponse (Legge & Foley, 1980; Wilson, 1980). The general 
consensus (e.g., Wilson, Levi, Maffei, Rovamo, & De-
Valois, 1990; Regan, 2000) was that masking happens only 
when the spatial properties of the mask and test stimulus 
are similar (about  ± 1 octave in spatial frequency and ± 30° 
in orientation). However, more recently it has become 
widely recognized that masks can raise detection thresholds 
without exciting the detecting mechanism (e.g., Ross & 
Speed, 1991; Ross, Speed, & Morgan, 1993; Foley, 1994; 
Mullen & Losada, 1994; Snowden, 1994; Zenger & Sagi, 
1996; Dorais & Sagi, 1997; Meese & Holmes, 2003; 
Meese, in press; Chen & Foley, 2004). One possible expla-
nation of this phenomenon is that “cross-channel” interac-
tions cause the detecting mechanism to be suppressed by 
inhibitory influences from the masking mechanism (Foley, 
1994). This idea owes much to observations of neuronal 
activity within visual cortex (Bishop, Coombs, & Henry, 
1973; Petrov, Pigarev, & Zenkin, 1980; Burr, Morrone, & 
Maffei, 1981; Morrone, Burr, & Maffei, 1982; Morrone & 
Burr, 1986; Morrone, Burr, & Speed, 1987; Bonds, 1989; 
DeAngelis, Robson, Ohzawa, & Freeman, 1992) where 
suppressive interactions are thought to keep cells of limited 
dynamic range within the useful region of their operating 
characteristic (Albrecht & Geisler, 1991; Heeger, 1992), a 
process sometimes referred to as contrast gain control. An-
other possibility is that masking occurs because the mask 
raises the noise level in the detecting mechanism. This idea 
has received serious attention in the within-channel case 
(Gorea & Sagi, 2001, 2002; Kontsevich, Chen, & Tyler, 
2002a; Kontsevich, Chen, Verghese, & Tyler, 2002b), but 
in principle it could also apply to the cross-channel case.  
More generally, the notion of suppression has had a 
long history in psychophysical vision research. For example, 
it has been used to account for several different types of 
visual illusion (e.g., Carpenter & Blakemore, 1973; Tol-
hurst & Thompson, 1975; Georgeson, 1980a; Magnussen 
& Kurtenbach, 1980a), adaptation aftereffects (Klein, 
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Stromeyer, & Ganz, 1974; Georgeson, 1976, 1980b; Mag-
nussen & Kurtenbach, 1980b; Greenlee & Magnussen, 
1988), and spatial interactions (Olzak, 1986; Polat & Sagi, 
1993; Thomas & Olzak, 1997; Ellemberg et al., 1998; Ol-
zak & Thomas, 1999), and has been studied extensively in 
the context of interocular suppression (e.g., Wolfe, 1986a; 
Lehky, 1988; Blake, 1989; Westendorf, 1989; Sengpiel, 
Blakemore, Kind, & Harrad, 1994; Sengpiel, Blakemore, & 
Harrad, 1995; Kovacs, Papathomas, Yang, & Feher, 1996; 
Sasaki & Gyobo, 2002) and surround suppression (Solo-
mon, Sperling, & Chubb, 1993; D’Zmura & Singer, 1996; 
Xing & Heeger, 2001; Snowden & Hammett, 1998; Yu, 
Klein & Levi, 2001; Zenger-Landolt & Heeger, 2003).  
A widespread view has been that within-channel mask-
ing can produce large effects (≥ 12 dB) and is easy to obtain 
(e.g., Wilson, McFarlane, & Phillips, 1983; Phillips & Wil-
son, 1984), but the picture of cross-channel suppressive 
effects is much less clear. In some experiments, suppression 
has been revealed only by recourse to clever manipulations 
that raise the experimental baseline, providing a pedestal 
against which inhibitory influences can be seen (Magnussen 
& Kurtenbach, 1980b; Greenlee & Magnussen, 1988). In 
situations in which observers detect a target in the presence 
of a superimposed cross-channel mask, threshold elevation 
has often been found to be modest (Foley & Chen, 1997) 
or absent (Campbell & Kulikowski, 1966; Daugman, 1984; 
Burr & Morrone, 1987; Harvey & Doan, 1990; Lee, Itti, 
Koch, & Braun, 1999; Itti, Koch, & Braun, 2000). Experi-
ments that have used contrast matching to examine influ-
ences from higher contrast surrounds have found small 
(typically ≤ 6 dB) suppressive effects (Snowden & 
Hammett, 1998; Xing & Heeger, 2000, 2001) that appear 
to be spatially tuned (Cannon & Fullenkamp, 1991; Solo-
mon et al., 1993; Chubb et al., 1989; Xing & Heeger, 
2001; Yu et al., 2001), implying that lateral suppression is 
greatest from mechanisms with tuning properties similar to 
the test mechanism (e.g., Solomon et al., 1993). Threshold 
elevation can also be found from co-oriented surrounds 
and is quite marked for peripheral viewing (Snowden & 
Hammett, 1998), but for foveal viewing is either absent 
(Snowden & Hammett, 1998) or diminished and seen only 
at high mask contrasts (Yu, Klein, & Levi, 2003). The situa-
tion is further complicated, however, because other detec-
tion (Yu, Klein, & Levi, 2002) and discrimination (Yu & 
Levi, 2000; Yu et al., 2003) experiments suggest that annu-
lar surrounds can facilitate the center, particularly when 
they differ in spatial frequency and orientation (though see 
Bruce, Green, & Georgeson [2003] and Meese [in press] for 
further analysis and discussion of these results). 
Another type of masking is dichoptic masking, where 
the test and mask stimuli are presented to different eyes. 
When spatially superimposed they can produce consider-
able threshold elevation, even greater than that seen in 
binocular or monocular cases. Dichoptic masking has been 
described as tightly tuned to both spatial frequency (Legge, 
1979; Levi, Harwerth, & Smith, 1979; Harrad & Hess, 
1992) and orientation (Levi et al., 1979; Harrad & Hess, 
1992), prompting a within-channel account (Legge, 1984). 
In this type of model, a spatially tuned binocular mecha-
nism is excited by stimulation from both eyes so that both 
the mask and the test are seen by the same mechanism 
when they are sufficiently similar in spatial frequency and 
orientation (Legge, 1979). This architecture (see “Appendix 
A”) can also accommodate monocular and binocular mask-
ing (Legge, 1984) and has been influential, particularly in 
studies that have used dichoptic stimuli to infer the se-
quence of visual processing stages (Westendorf, 1989; 
McKee, Bravo, Taylor, & Legge, 1994; Harris & Willis, 
2001).  
As mentioned above, one widely held view is that con-
trast suppression might be part of a contrast gain control 
process in the cortex. In the binocular case this is thought 
to underpin cross-channel masking for situations in which 
(i) a patch of mask grating is superimposed on a patch of 
test grating (Foley, 1994; Zenger & Sagi, 1996; Itti et al. 
2000; Holmes & Meese, 2001; Meese & Holmes, 2002) 
and (ii) an annulus of mask grating surrounds a patch of 
test grating (Xing & Heeger, 2001; Snowden & Hammett, 
1998; Yu et al., 2001). It is also possible that dichoptic 
masking is a form of interocular suppression that acts in a 
similar way, perhaps even at the same site, as other cross-
channel suppressive effects (see “Appendix A”). On this 
model, the finding that a superimposed, cross-oriented 
mask can elevate contrast detection threshold (by around  
3 dB) in normal observers (Levi et al., 1979) is explained by 
supposing suppression between otherwise monocular 
channels (for further discussion, see “Dichoptic masking 
and interocular suppression”). However, while masking has 
been found for both superimposed and surround masks in 
the binocular case, this appears not to be so in the dichop-
tic case. Chubb et al. (1989) found no suppression of per-
ceived contrast using a textured version of an annular 
mask, even though suppression was found in their monocu-
lar conditions. On the other hand, the psychophysical ef-
fects of dichoptic annular masks (Chubb et al., 1989) have 
been explored much less extensively than their binocular 
and monocular counterparts (Ejima & Takahashi, 1985; 
Solomon et al., 1993; Cannon & Fullenkamp, 1991, 1996; 
Snowden & Hammett, 1998; Xing & Heeger, 2000, 2001; 
Yu & Levi, 2000; Yu et al., 2001, 2002, 2003). 
We wished to investigate several points that emerge 
from the review above. This was not to address a particular 
over-arching hypothesis, but to explore some of the pa-
rameter space that is absent in the literature so that a fuller 
picture of cross-channel masking of contrast might be seen. 
We break this down into more specific aims below.  
First, if threshold elevation by cross-channel masks is 
due to cross-channel suppression (e.g., Foley 1994), a super-
imposed mask should attenuate the perception of contrast 
above threshold. This prediction is also prompted by obser-
vations of cross-orientation inhibition in the primary visual 
cortex (Morrone et al., 1982, 1987; Bonds, 1989), assuming 
that perceived contrast is linked to the level of striate cellu-
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lar activity (Zenger-Landolt & Heeger, 2003). Although 
numerous psychophysical studies have examined the effects 
of cross-channel interactions on performance measures 
(e.g., Ross & Speed, 1991; Ross et al., 1993; Foley, 1994; 
Zenger & Sagi, 1996; Olzak, 1985, 1986; Olzak & Thomas, 
1981, 1991, 1999; Thomas & Olzak, 1997) and the single-
cell result has been known for well over 20 years, it is re-
markable that (as far as we know) the above prediction has 
never been tested directly. We remedied this by using a 
contrast matching paradigm and monocular and binocular 
stimulus presentation of superimposed test and mask stim-
uli. This experiment is of particular value because an alter-
native account of cross-channel masking supposes mask-
induced noise in the detecting mechanism. In this case, a 
cross-channel mask would disturb only the variance of the 
response from the target mechanism and perception of ab-
solute contrast should not be attenuated.  
Second, previous surround- and cross-channel masking 
experiments have tended to concentrate on mid to high 
spatial frequencies (Cannon & Fullenkamp, 1991; Solo-
mon et al., 1993; Snowden & Hammett, 1998; Yu et al., 
2001, 2002, 2003; Xing & Heeger, 2000; Campbell & Ku-
likowski, 1966; Daugman, 1984; Harvey & Doan, 1990; 
Lee et al., 1999; Itti et al., 2000), leaving lower spatial fre-
quencies (≤ 1 c/deg) relatively unexplored. We suspected 
that suppressive effects might be greater at lower spatial 
frequencies (Legge, 1979; Xing & Heeger, 2000; Meese & 
Holmes, 2003), so we concentrated our work in this range. 
Third, we wanted to further investigate dichoptic mask-
ing, particularly from annular surrounds, where results 
(Chubb et al., 1989) appear to conflict with those from the 
superimposed case (Levi et al., 1979). In particular, we 
wondered whether the cross-channel effects that have been 
found for binocular masking (e.g., Foley, 1994) might also 
be found for dichoptic masking. 
Finally, we wanted to compare contrast detection and 
contrast matching experiments to examine whether similar 
effects are seen both at and above detection threshold. In 
general, if the mask and test stimuli have similar orienta-
tion and spatial frequency and are superimposed, it is not 
possible to assess the effects of suppression by contrast 
matching because the mask and test contrasts sum physi-
cally. However, this problem is avoided here by restricting 
our investigation to situations where the mask and test dif-
fer in both their orientation and their spatial frequency. 
Under these circumstances, the mask and test components 
segment perceptually (Thomas, 1989; Georgeson & Meese, 
1997; Georgeson, 1998; Meese & Georgeson, in press), 
allowing observers to attend to the contrast of the test 
stimulus and perform the match. Furthermore, binocular 
masking experiments that have used this configuration 
(Meese & Holmes, 2002; Holmes & Meese, 2001, 2004; 
Georgeson & Meese, 2004; Meese, in press) confirm that 
threshold elevation from these masks is not due to within-
channel effects. 
Methods 
Equipment 
Stimuli were generated using the framestore of a CRS 
VSG2/3 operating in twin palette mode to produce pseudo 
12-bit gray-level resolution. Stimuli were presented on a 
display monitor, which had a mean luminance (L) of  
60 cd/m2 and was gamma-corrected using lookup tables. 
The experiments were run under the control of a PC. 
Stimuli were viewed through a mirror haploscope (four 
pairs of front-surfaced mirrors, set at ± 45°) affording a 
square monocular field size of 11.5 deg by 11.5 deg and an 
effective viewing distance of 52 cm. The visible region of 
the display consisted of a 256 pixel square array for each 
eye. The frame rate of the monitor was 120 Hz, which gave 
a picture refresh rate of 60 Hz due to frame-interleaving of 
mask and test stimuli.  
Stimuli 
High-contrast examples of our test and mask stimuli are 
shown in Figure 1. Our basic test stimulus was a sine-phase 
patch of vertical sine-wave grating, multiplied by a raised 
cosine function with a central plateau. When the test 
stimulus had a spatial frequency of 0.46 c/deg, the enve-
lope function had rising and falling parts of 2.25 deg and 
an intermediate plateau width of either 7.02 deg 
(Experiment 1; Figure 1a) or 1.08 deg (Experiment 2; 
Figure 1b). In Experiment 2 this produced a test stimulus 
with half a cycle of undamped grating and an envelope with 
full width at half height of 1.5 cycles. When the test stimu-
lus had a spatial frequency of 1 c/deg, the spatial dimen-
sions were scaled accordingly so that the number of cycles 
was unchanged. The mask stimuli always had a spatial fre-
quency 3 times higher than the test stimulus, an oblique 
orientation (45°), and had one of three spatial configura-
tions (Figure 1c, 1d, and 1e). In Experiment 1, it had the 
same envelope as the test stimulus in Experiment 1 (Figure 
1c). In Experiment 2 it had either the same envelope as the 
test stimulus in Experiment 2 (Figure 1e) or an envelope 
the same as the test stimulus in Experiment 1, but with a 
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igure 1. High-contrast examples of test (a, b) and mask (c, d, e)
timuli used in Experiment 1 (b, c) and Experiment 2 (a, d, e). In
d), the inner diameter of the mask is the same as the diameter
f the envelope of the test stimulus at half height in (a). In the
xperiments, the masks had a contrast of 32%. The low spatial
requency was either 0.46 c/deg or 1 c/deg. The high spatial fre-
uency was either 1.38 c/deg or 3 c/deg. 
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hole cut out to make an annulus (Figure 1d). The diameter 
of the hole was the same as the full width at half height of 
the test stimulus envelope (Figure 1a). To achieve anti-
aliasing, the inner edge of the annular mask was blurred by 
a rising part of a raised cosine function with a full width of 
two pixels. The Michelson contrast ([Lmax – Lmin]/[Lmax 
+ Lmin]) of the grating-type mask stimuli described above 
was always 32%.  
A small fixation spot was displayed binocularly in the 
center of the display region throughout the experiments 
and stimulus duration was 200 ms.  
Deviations from these basic stimulus conditions are de-
scribed in the relevant experimental sections.  
Contrast detection 
In the contrast detection experiments, thresholds were 
measured using a two-interval forced-choice (2IFC) tech-
nique, where the mask stimulus appeared in both test in-
tervals and the test stimulus appeared in one, chosen at 
random. The duration between the offset of the first inter-
val and the onset of the second interval was 500 ms, and 
the onset of each interval was indicated by a short auditory 
tone. Observers used two buttons of a mouse to indicate 
which interval contained the test stimulus and were given 
auditory feedback (a short tone) to indicate the correctness 
of their response. Stimulus contrast was controlled in log 
steps by a 3-up 1-down staircase procedure (Wetherill & 
Levitt, 1965).   
Contrast matching (nulling) 
In the contrast matching experiments, the contrast of 
the test stimulus was adjusted in log steps by a 1-up 1-down 
staircase procedure (Wetherill & Levitt, 1965; Meese, 
1995) to match the perceived contrast of an unmasked ref-
erence stimulus over a range of reference contrasts. (Strictly 
speaking, this is a nulling technique because the observer is 
manipulating the test contrast to null the effects of the 
mask.) The duration between the offset of one stimulus 
and the onset of the other stimulus was 500 ms, and the 
onset of each stimulus was indicated by a short auditory 
tone. The order of test and reference stimuli was random-
ized and the observer used two mouse buttons to select the 
test interval that appeared to contain the higher test con-
trast. No feedback was given. Preliminary contrast detection 
experiments ensured that the lowest contrast used for the 
reference stimulus was always above detection threshold.  
It has been suggested to us that it can be very difficult, 
or even impossible, to obtain a perfect perceptual match 
between a monocular target alone and the same target with 
a dichoptically presented mask. While this might be true 
for certain experimental paradigms, typically it was not true 
here. Both observers found the task natural and straight-
forward and were able to perform the task quickly and with 
ease. Specific exceptions to this are noted below. 
Psychometric functions 
In all cases, psychometric functions were measured us-
ing pairs of interleaved staircases so that observers could 
not track the progress of the experimental procedure 
(Cornsweet, 1962). The staircase step-size was 3 dB (20 
times the log increment/decrement of Michelson contrast) 
and data were fit using probit analysis (i.e., they were fit by 
a cumulative log-Gaussian function). For the detection ex-
periment, threshold was taken to be the 75% correct point 
on the psychometric function. For the matching experi-
ments, the point of subjective equality was the 50% point 
on the psychometric function. For both types of experi-
ment, the analysis was based on the data gathered from the 
last 12 reversals of each staircase. Larger step sizes were 
used for an initial pair of staircase reversals but the data 
from these preliminary stages were discarded from the 
analysis (Meese, 1995). For both types of experiment, the 
analysis was based on the data gathered from between two 
to six staircases. This produced means and standard errors 
based on around 100 to 300 trials in the contrast detection 
experiments and around 60 to 180 trials in the contrast 
matching experiments (Finney, 1971; McKee, Klein, & 
Teller, 1985). 
In all experiments, the order of conditions was deter-
mined using randomized blocs. 
Observers 
The two authors (TSM and RFH) served as observers. 
They both wore their normal optical correction, and were 
well practiced at the tasks before data collection began.  
Experiment 1: Large mask and 
test stimuli 
One of our main aims was to explore dichoptic mask-
ing from the surround. Our initial intuition was that if this 
exists then the likelihood of finding it would be enhanced 
by using a test and mask combination that were known to 
be potent when superimposed. Thus, in Experiment 1 we 
used a basic stimulus to establish whether our methods and 
general stimulus parameters were appropriate for measur-
ing masking. Our basic test and mask stimuli are shown in 
Figure 1b and Figure 1c, respectively.  
Contrast detection  
Figure 2 shows threshold elevation for the two observ-
ers, two test spatial frequencies (0.46 c/deg and 1 c/deg), 
and monocular and dichoptic conditions. For both observ-
ers there was substantial threshold elevation in the  
0.46-c/deg condition (around a factor of 4) for both stimu-
lus conditions. For TSM, the level of masking was similar 
for the two stimulus conditions, though for RFH it was 
markedly greater for the dichoptic condition. At a spatial 
frequency of 1 c/deg, the pattern of results for the two ob-
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servers was unchanged, though the overall level of masking 
was reduced by around a factor of 2. 
t
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produced considerably greater effects at 0.46 c/deg than at  
1 c/deg. The level of suppression was quite similar for the 
dichoptic and monocular conditions, with the exception of 
the 0.46-c/deg condition for RFH, where the suppression 
was greater for the dichoptic condition than the monocular 
condition. In all cases, the matching functions tended to 
approach the contour of veridicality as the reference con-
trast increased, indicating that suppression from the mask 
was abolished for matching contrasts around 16% and 
above. 
Discussion 
The results from the detection and the matching ex-
periments both suggest that the mask, whose spatial fre-
quency and orientation are quite different from that of the 
test stimulus, strongly suppresses the test stimulus, regard-
less of whether it is in the same or the different eye from 
the test patch. This is particularly marked at the lower spa-
tial frequency (0.46 c/deg). In the dichoptic condition, for 
example, the test grating had to be increased to a contrast 
of just over 11% to match a standard contrast of 4% for 
TSM. For RFH the effect was even larger: a test contrast of 
26% was needed to match a standard contrast of only 4%. 
And for both observers, the standard contrast was at least a 
factor of 2.8 above detection threshold (see the legend for 
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Figure 2. Detection results for Experiment 1. Bars show thresh-
old elevation for a large patch of test grating in the presence of a
superimposed mask of the same size but oblique orientation
(+ 45 deg) and spatial frequency 3 times higher than the test.
(Note that each tick mark on the ordinate represents 3 dB.) Each
panel shows results for a monocular condition and a dichoptic
condition. In the monocular condition, both stimuli were pre-
sented to the observer’s dominant (right) eye and the other eye
was presented with mean luminance. In the dichoptic condition,
the test stimulus was presented to the dominant (right) eye and
the mask stimulus was presented to the other eye. The top and
bottom panels are for test spatial frequencies of 0.46 c/deg and 1
c/deg, respectively. The left panels are for TSM and the right
panels are for RFH. Error bars show ±1 SE. Contrast matching 
The results of the matching experiment are shown in 
Figure 3 where the reference contrast is plotted on the or-
dinate against the staircase adjusted test contrast. (Our 
choice of plotting the independent variable along the ordi-
nate is unconventional, but produces a figure in which the 
perceived contrast is plotted as a function of stimulus con-
trast consistent with other contrast matching experiments 
in which the comparison contrast was adjusted: e.g., Hess, 
Bradley, & Piotrowski, 1983; Georgeson, 1985, 1991.) The 
oblique lines in our matching figures indicate a veridical 
match.1 Data points that fall below this line indicate that 
he mask reduced the perceived contrast of the test stimu-
us, and that the test contrast had to be raised to overcome 
his. Such an effect is consistent with the suppressive ac-
ount of masking outlined in the “Introduction.” For both 
bservers, suppression occurred over a substantial range of 
he contrasts tested and like in the detection experiments, 
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igure 3. Contrast matching results for Experiment 1 (note the
ouble-log coordinates). The stimulus conditions are the same
s for those in Figure 2. The unmasked reference stimulus (ordi-
ate) was always monocular. For the 0.46-c/deg stimuli (top
anels), detection threshold for the reference stimulus was
.98% for TSM and 1.42% for RFH. For the 1-c/deg stimuli (bot-
om panels), detection thresholds for the reference stimulus were
.75% for TSM and 1.59% for RFH. Error bars show ±1 SE. 
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Figure 3), indicating that this is a substantial suprathresh-
old phenomenon. The mask also had a substantial effect on 
detection thresholds, raising them by around a factor of 4.  
One intriguing feature of the dichoptic matching data 
in Experiment 1 is that there are several instances in which 
the matching functions fold back on themselves (i.e., have 
negative slopes); this is particularly notable for RFH at  
0.46 c/deg. A backward slope in these matching functions 
indicates that as the standard contrast is increased, less test 
contrast is needed to achieve a perceptual match (recall that 
the mask contrast was fixed). We shall return to this seem-
ingly paradoxical phenomenon in the anomalies subsection 
of the “General Discussion” after encountering it again in 
Experiment 2.  
Having established a general stimulus condition in 
which masking was clearly evident in both monocular and 
dichoptic conditions, we turn to the issue of masking from 
the surround.  
Experiment 2: Annular masking 
and small test stimuli 
One limitation of Experiment 1 is that both the mask 
and the stimuli contained several cycles of luminance grat-
ing, so it is unclear whether the suppression came from 
mechanisms with overlapping or non-overlapping receptive 
fields (e.g., from within a hypercolumn or from neighbor-
ing hypercolumns). In the next experiment we reduced the 
diameter of the half height of the test stimulus to 1.5 cycles 
(Figure 1a), which corresponds roughly with the width of 
the putative detecting mechanism (e.g., Watson, 1982; De-
Valois & DeValois, 1990; Graham, 1989). The mask stim-
uli had the same spatial frequencies and orientation as be-
fore.  The mask spatial envelope was either the same as the 
small test stimulus (Figure 1e), or was an annulus whose 
hole had the same diameter as the half height of the test 
stimulus (Figure 1d). We also wondered whether the ab-
sence of luminance contrast in the non-preferred eye was 
important for obtaining the high levels of monocular mask-
ing seen in Experiment 1. To address this we introduced a 
binocular condition in which test and mask stimuli were 
presented to both eyes. 
Contrast detection 
The results from the detection experiment are shown 
in Figure 4. Like in Experiment 1, considerably more mask-
ing was found at the lower test spatial frequency (0.46 
c/deg) for RFH, though this was not evident for TSM. 
When the mask and test were superimposed, masking was 
roughly similar for the binocular and dichoptic conditions, 
and for RFH its magnitude was substantial. Clearly then, 
the absence of luminance contrast in one eye is not a nec-
essary condition to achieve the substantial masking found 
in these experiments.  
When the mask was restricted to the surround (annu-
lus condition), the amount of threshold elevation was re-
duced considerably in the monocular and binocular condi-
tions, in most cases being either abolished or replaced by a 
small amount of facilitation (Yu et al., 2002, 2003). 
Threshold elevation was evident in the dichoptic condition, 
however, and was substantial for RFH at 0.46 c/deg 
(greater than a factor of 4). This result contrasts with an 
earlier experiment on dichoptic surround masking where 
textured stimuli were used (Chubb et al., 1989). 
Contrast matching 
The results of the matching experiment are shown in 
Figure 5 (0.46 c/deg) and Figure 6 (1 c/deg). At a test spa-
tial frequency of 0.46 c/deg, suppression was considerable 
for both observers in the dichoptic condition, regardless of 
whether the mask was superimposed on the test or placed 
in an adjacent surround. In fact, for RFH, the masking was 
so great in the dichoptic annulus condition that it was not 
possible to achieve a perceptual match at one of the inter-
mediate matching contrasts (note that there is a data point 
missing from the plot in this condition). In this case, when 
the test contrast was raised to the maximum allowable2 
(45%), it was still of insufficient contrast to achieve the 
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Figure 5. Contrast matching results for Experiment 2 for test spa-
tial frequency of 0.46 c/deg. The test stimulus was a small patch
of grating. The unmasked reference stimulus (ordinate) was mo-
nocular in the dichoptic and monocular test conditions and bin-
ocular in the binocular test condition. Detection thresholds for the
monocular reference stimulus were 2.78% for TSM and 2.29%
for RFH. Detection thresholds for the binocular reference stimu-
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match and often appeared to be invisible, suggesting that 
on some trials at least, suppression was total. RFH experi-
enced similar difficulties when the dichoptic mask was su-
perimposed, leading to unusually high standard errors for 
some of the matches. 
At the higher spatial frequency (1 c/deg), suppression 
was generally much less for both observers, though once 
again we encountered difficulties in gathering data from 
RFH. Although the monocular reference stimulus was al-
ways well above its detection threshold (2.29%), in prelimi-
nary experimental sessions we found that in the dichoptic 
masking condition the reference patch became very diffi-
cult to see. For this reason, we were able to gather data for 
only the upper region of the matching function. We shall 
return to this curious phenomenon in the anomalies sub-
section of the “General Discussion.”  
For both observers, the monocular and binocular con-
ditions also caused a reduction in the perceived contrast of 
the test patch, though in some places the effects were quite 
minor. Broadly speaking, the effects were similar for these 
two mask conditions, though there are some detailed dif-
ferences between the observers (see Figures 5 and 6).  
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igure 6. Contrast matching results for Experiment 2 for test spa-
ial frequency of 1 c/deg. The test stimulus was a small patch of
rating. The unmasked reference stimulus (ordinate) was mo-
ocular in the dichoptic and monocular test conditions and bin-
cular in the binocular test condition. Detection thresholds for the
onocular reference stimulus were 2.14% for TSM and 5.13%
or RFH. Detection thresholds for the binocular reference stimu-
s were 1.3% for TSM and 2.01% for RFH. Error bars show ±1
E. Finally we note that, as we found in Experiment 1, 
here are several situations in which the masking functions 
old back on themselves.  
atching and detection 
It is noteworthy that some results from the matching 
xperiment are not readily anticipated by the results from 
he detection experiment. Consider first the results using a 
patial frequency of 0.46 c/deg, which we consider to be 
ur “best” test spatial frequency (compare Figures 4 and 5). 
or both observers, the results from the detection experi-
ent are consistent with the fairly large matching effects 
roduced by the dichoptic annulus. However, as noted 
bove, the monocular and binocular annular masks pro-
uced little or no threshold elevation for either observer yet 
ad a consistent effect across the range of matching con-
rasts tested. Why this happened is not clear, but one pos-
ibility follows. Perhaps both contrast detection and con-
rast perception of a patch of grating involve a form of 
ummation across several neural mechanisms but only a 
ubset of the mechanisms is suppressed. If summation for 
erception of contrast were greater than that involved in 
he detection process (e.g., the Minkowski exponent for 
erceived contrast were lower than for contrast detection)3, 
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then the effects would be less for contrast detection than 
for contrast matching. Alternatively, one might construct 
arguments involving the same amount of nonlinear sum-
mation for both detection and perception, but suppose that 
the subset of suppressible mechanisms has a lower sensitiv-
ity according to a subtractive constant. In this case, sup-
pression would appear more severe as test contrast is in-
creased (from detection threshold to matching levels), be-
cause only at the higher contrasts would the responses of 
the suppressible mechanisms impact the decision variable. 
Another possibility is that the effects of suppression could 
apply equally to both signal and noise. As this would not 
change the signal-to-noise ratio, detection thresholds would 
be unaffected by the suppression but perceived contrast 
would be, assuming that perceived contrast depends on 
signal strength (Zenger-Landolt & Heeger, 2003).  
Returning to the data, another unexpected result was 
that in the superimposed condition for TSM, there was 
very little threshold elevation at 0.46 c/deg for the mo-
nocular and dichoptic conditions, yet these conditions 
produced the greatest effects in the contrast matching ex-
periment. Again, it is not clear why this is so, but argu-
ments similar to those above could be applied. 
Discussion 
The detection and contrast matching results from 
Experiment 2 show that suppression can occur when the 
mask is either superimposed or adjacent, and in situations 
where mask and test are presented to (i) the same single eye 
(monocular), (ii) both eyes (binocular), and (iii) different 
eyes (dichoptic). The effects were strongest at the lower spa-
tial frequency that we tested (0.46 c/deg) and for the di-
choptic condition. Thus, we have found a situation in 
which a mask exerts considerable suppression on a patch of 
test grating, yet the test and mask are different in terms of 
(i) spatial frequency, (ii) orientation, (iii) retinal location, 
and (iv) eye of origin. 
In light of earlier work, this result is surprising. Chubb 
et al. (1989) used broad-band noise to create a circular test 
stimulus surrounded by texture. They found suppressive 
effects from the surround only when the test and mask 
were presented to the same eye. Although the reason for 
these different results is not clear, one possibility is that 
spatial frequency is an important factor. If the masking de-
scribed here is purely a low spatial frequency phenomenon, 
it seems likely that the mask stimuli used by Chubb et al. 
probed spatial frequency bands that were too high to reveal 
the suppressive effects.  
General Discussion 
Summary of results 
To further our understanding of cross-channel mask-
ing, surround masking, dichoptic masking, and suppression 
in general, we performed experiments with a common tar-
get stimulus, but several different types of mask stimulus. 
In particular, we wished to investigate low target spatial 
frequencies and address a previous claim that surround 
suppression is a purely monocular effect (Chubb et al., 
1989). 
When the mask and test were superimposed, we found 
threshold elevation and contrast suppression for dichoptic, 
monocular, and binocular conditions. For TSM, however, 
the magnitude of the threshold elevation was much re-
duced when the mask and test stimuli were both reduced in 
size (compare Experiments 1 and 2, Figures 2 and 4). This 
effect was much less pronounced for RFH.  
Our surround mask was constructed so that the inner 
edge of the mask was coincident with the half height of the 
test patch. This mask had little effect on detection thresh-
old (sometimes causing a slight amount of facilitation), 
other than in the dichoptic condition where elevation was 
particularly pronounced for RFH at 0.46 c/deg. For both 
observers, perceived contrast was suppressed for all three 
modes of presentation (monocular, binocular, and dichop-
tic), though in contrast to previous work (Chubb et al., 
1989), it was greatest for the dichoptic case. In fact, overall, 
the effects were typically larger for the dichoptic conditions 
than the monocular conditions, both at and above detec-
tion threshold. The effects were also typically much greater 
for the test spatial frequency of 0.46 c/deg than 1 c/deg.  
Controls and extensions 
The experiments presented here form part of a larger 
body of work in which several controls and extensions have 
been performed. In one set of experiments, Meese and 
Hess (in press) addressed a specific issue regarding dichop-
tic masking and perception of depth (McKee et al., 1994). 
They found that dichoptic masking continued to be effec-
tive when the annular surround was replaced by a thin, 
dark ring. Using this mask they confirmed that masking 
remained when the configuration was changed so that the 
test stimulus was presented to the non-preferred eye, and 
also when the stimulus duration was reduced from 200 ms 
to 33 ms. 
In a series of binocular experiments still under analysis, 
we have manipulated the orientation of the superimposed 
cross-channel mask and confirmed that horizontal 1- and 3-
c/deg gratings also raise detection thresholds and suppress 
perceived contrast for a 1-c/deg target stimulus identical to 
that in Experiment 1.  
Masking and suppression 
In general, masking refers to the psychophysical effect 
where one stimulus (the mask) interferes with the visibility 
of another stimulus (the test). If a mask component sup-
presses the response to a test component, then this should 
reduce its perceived contrast and raise its detection thresh-
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old (though see earlier caveats). This could be a conse-
quence of inhibitory interactions (e.g., Morrone et al., 
1982; Albrecht & Geisler, 1991; Heeger, 1992; Foley, 
1994; Zenger & Sagi, 1996), thalamocortical synaptic de-
pression (Carandini, Heeger, & Senn, 2002; Freeman, Du-
rand, Kipper, & Carandini, 2002), or, in the case of detec-
tion, compressive transduction if the mask and test com-
ponents are seen by the same detecting mechanism (e.g., 
Legge & Foley, 1980; Wilson, 1980). This last possibility is 
an unlikely account for the stimuli used here because (i) 
previous experiments have rejected the “within-channel” 
account of masking when the mask and test components 
have substantially different spatial frequencies and/or ori-
entations (e.g., Foley, 1994; Ross & Speed, 1991; Ross et 
al., 1993; Holmes & Meese, 2001), and (ii) if the mask 
component did excite the detecting mechanism, then per-
ceived contrast would be enhanced, whereas in the experi-
ments reported here it was reduced. Another possibility is 
that masking could leave the signal intact but increase the 
noise. This remains a possibility (Gorea & Sagi, 2001; 
Kontsevich et al., 2002a, 2002b), but not a certainty (Geor-
geson & Meese, 2004) in the within-channel case and is 
worth considering for cross-channel cases such as those 
studied here. Although we cannot rule out this hypothesis 
in our detection experiments, it cannot be extended to our 
matching experiments because there an increase in noise 
should impact only the variability of the contrast match 
and not its absolute value. In this case, and contrary to our 
results, no effect on perceived contrast would have been 
observed. 
One recent suggestion (mentioned above) is that cross-
orientation masking arises through synaptic depression in 
the thalamocortical projection (Carandini et al., 2002). Be-
cause LGN cells are much more broadly tuned than typical 
cortical cells, then according to this proposal, what looks 
like a cross-channel interaction in the cortex is actually a 
within-channel phenomenon in the LGN. While it remains 
to be understood whether this intriguing idea is important 
for related psychophysical phenomena (e.g., Foley, 1994; 
Meese & Holmes, 2002), it seems an unlikely account for 
many of our results here because (a) the model predicts that 
suppression should be monocular (Carandini et al, 2002), 
and (b) the model requires superposition of the mask and 
test stimuli, and is not intended to describe surround sup-
pression (Freeman et al., 2002).  
In sum, the most likely account of much of the mask-
ing found in the experiments reported here is contrast sup-
pression through variously weighted inhibitory interactions. 
Whether this is from the output of multiple oriented 
mechanisms (e.g., Morrone et al., 1982; Heeger, 1992; 
Foley, 1994) or a single broad-band control filter (Hirsch et 
al., 2003; Holmes & Meese, 2004) is not clear, but certainly 
the results are consistent with these general types of model 
(see below for further discussion).  
Comparisons with other studies 
Our experiments prompt several comparisons with 
other studies that have investigated the effects of masking 
from the center and the surround.   
Superimposed masking 
When mask and test were superimposed, we found 
that threshold was elevated substantially, in the order of  
12 dB (a factor of 4) in some cases (see Figures 2 and 4). 
This is broadly consistent with other psychophysical reports 
of cross-channel masking where mid to low test spatial fre-
quencies have been used (e.g., Foley, 1994; Meese & 
Holmes, 2002, 2003). Indeed, Meese and Holmes (2003) 
specifically addressed this issue and found binocular cross-
orientation suppression to be greatest for transient presen-
tations of low test spatial frequencies. Here, we also found 
suppressive effects for contrast matching when the mask 
and test were superimposed (see Figures 3, 5, and 6). We 
know of no other study in which this type of experiment 
has been performed, though the results are consistent with 
some masking experiments at detection threshold (e.g., 
Foley, 1994; Meese & Holmes, 2002) and the results of 
single-cell recordings (e.g., Morrone et al., 1982). 
Surround masking 
Yu et al. (2002) found that cross-channel annular 
masks with the same spatial frequency (8 c/deg) but differ-
ent orientations from the test facilitated the detection of a 
central test stimulus for intermediate levels of mask con-
trast (around 5% to 20%). Using two flanking patches of 
mask instead of a surround, Yu et al. (2002) and Chen and 
Tyler (2002) reported similar effects (Chen and Tyler used 
a spatial frequency of 4 c/deg). The maximum level of fa-
cilitation found in these studies was around 6 dB, though 
more often it was closer to 3 dB. Facilitation around this 
magnitude was found in the present experiment for both 
observers when the vertical test stimulus had a spatial fre-
quency of 1 c/deg, and when the annular surround had a 
spatial frequency 3 times higher. However, this effect was 
most clearly evident in the monocular condition, and was 
either barely seen or was replaced by suppression in the 
dichoptic conditions (see Figure 4). This suggests an early 
locus of the facilitatory effect, consistent with the argu-
ments presented by Yu et al. (2002) (see their study for de-
tails). Facilitation was not seen in our experiments when 
the mask was superimposed. This is consistent with the 
view that the facilitatory effect is due to specific orientation 
and spatial frequency tuned interactions between center 
and surround (Yu et al., 2002). However, it would seem 
that when the test spatial frequency is low (e.g., 1 c/deg), 
the effect extends over a wider range of mask spatial fre-
quencies than at the higher spatial frequency used by Yu et 
al. (2002). This is because when the mask and test differed 
by as much as a factor of 3 (as in the present experiments), 
Yu et al. (2002) found that facilitation was abolished.  
Although the binocular and monocular effects were of-
ten much weaker than their dichoptic counterparts, we 
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found that an annular grating surround could suppress the 
perceived contrast of a central target patch. Most psycho-
physical studies in which suppression from monocular or 
binocular surrounds has been found have investigated con-
ditions in which center and surround had similar spatial 
frequencies and orientations (Ejima & Takahashi, 1985; 
Cannon & Fullenkamp, 1991, 1993, 1996; Snowden & 
Hammett, 1998; Olzak & Laurinen, 1999; Xing & Heeger, 
2001). However, suppression from orthogonally oriented 
surrounds has also been found (Solomon et al., 1993; Yu et 
al., 2001), though facilitation has been seen at certain cen-
ter/surround contrast ratios (Yu et al., 2001).4 
In the case of dichoptic presentation of annular masks, 
the only previous work that we are aware of is that of 
Chubb et al.  (1989). As mentioned previously, these au-
thors used contrast noise stimuli but unlike us found no 
dichoptic masking. As we suggested earlier in this work, 
these differences could be due to the different ranges of 
spatial frequencies involved in the two studies.  
Spatial frequency 
We have already mentioned that our effects are gener-
ally greater at the lower of the two spatial frequencies 
tested. Elsewhere, this has been found for contrast detec-
tion in the presence of superimposed cross-channel masks 
(Meese & Holmes, 2003) and contrast matching in the 
presence of cross-channel annular surrounds (Solomon et 
al., 1993). In particular, Xing and Heeger (2000) performed 
contrast matching with co-oriented annular surrounds in 
both the fovea and the periphery. They found only modest 
effects in the fovea (≤ 6 dB), but much larger effects in the 
periphery (≥ 12 dB). While this appears to be a genuine 
effect, the possibility remains that had Xing and Heeger 
tested at spatial frequencies lower than 2 c/deg in the fovea 
(as they did in the periphery), they might have seen more 
substantial effects.  
Dichoptic masking and interocular suppression 
What kind of scheme might be able to accommodate 
the many different types of cross-channel masking results 
reported here? One of our key results is that masks with 
very different orientation and spatial frequency from the 
target can attenuate the test stimulus when mask and test 
are presented to different eyes. However, this result alone 
does not demand a scheme involving interocular suppres-
sion. For example, a scheme in which binocular mecha-
nisms sum information from each eye within fairly narrow 
bands of spatial frequency and orientation, followed by 
binocular cross-channel suppression, would also predict 
this result. However, in this model, the results for the di-
choptic conditions should be exactly the same as for the 
monocular conditions because the same binocular mecha-
nisms would be involved in the suppressive gain control 
process. While one or two examples of this can be found in 
our data (e.g., TSM, 0.46 c/deg, Figure 2), there are nu-
merous other examples where the results are at odds with 
this prediction (e.g., ). It is also inconsistent with 
the results of Chubb et al (1989) and those of Meese, 
Georgeson & Hess (2004), who repeated the monocular 
and dichoptic, superimposed contrast matching conditions 
at 0.46 c/deg, and confirmed that dichoptic suppression 
was greater than monocular suppression, irrespective of 
which eye was tested. In this context then, a model in 
which cross-channel suppression follows binocular summa-
tion seems unlikely. Instead, we favor a scheme in which 
linear binocular summation (Truchard, Ohzawa, & Free-
man, 2000) comes after cross-channel suppression (contrast 
gain control) (DeAngelis et al., 1992). In fact, this is consis-
tent with recent conclusions from single-cell work in cat 
(Walker, Ohzawa & Freeman, 1998; Truchard et al., 2000), 
though we also allow interocular suppression (both within 
and across spatial frequency and orientation) at the same 
stage. In “Appendix A” we show that this kind of scheme 
can also accommodate monocular, binocular, and dichop-
tic masking functions, where mask and test stimuli have 
similar spatial frequency and orientation. This offers a 
quite different perspective on the masking process consid-
ered by Legge (1979, 1984), who attributed dichoptic mask-
ing entirely to within-channel excitation. We stress, how-
ever, that we are not rejecting the within-channel idea at 
present, but argue that the entire body of work is consistent 
with a unifying scheme in which both types of dichoptic 
masking (Legge’s and ours) are described by interocular 
(cross-channel) suppression. Detailed quantitative features 
of these models (summarized in “Appendix A”) are cur-
rently receiving our attention. 
Anomalies 
There were several unexpected features in our data. An 
understanding of these features is not essential for the 
points made in this work, but they are worthy of comment. 
In several of the contrast matching data sets there are in-
stances where the matching functions have negative slopes, 
particularly in the dichoptic conditions. This means that as 
the reference contrast was increased, less test contrast was 
needed to match it. This is inconsistent with most vision 
models where monotonic contrast response functions are 
the norm. It is not clear why our functions have negative 
slope, but one possibility follows. The reference stimulus 
and test stimulus were presented sequentially at the same 
retinal location, and therefore stimulated the same target 
mechanism. Thus, the target mechanism received greater 
stimulation at the higher reference contrasts. Perhaps, 
strongly stimulated mechanisms are able to attenuate their 
suppressive inputs with a time course sufficiently long to 
extend over the duration of at least one trial. If this were 
so, the unmasked reference stimulus would lessen the im-
pact of the mask (the mask/test order was random), and 
negative matching functions would occur.  
We encountered a second peculiarity for RFH in 
Experiment 2, which was almost the opposite of what we 
have described above. When the matching (unmasked) 
stimulus contrast was low but well above its independently 
measured detection threshold, it became very difficult to Figure 5
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see and therefore very difficult to match. (Note that there 
are no data points at lower reference contrasts in the di-
choptic conditions for RFH in Figure 6). Conventional 
accounts of contrast adaptation seem unlikely here because 
(a) stimulus presentations were brief and (b) the anomaly 
was noticed only for dichoptic masking. In this case it was 
as though the suppressive effects of the dichoptic mask 
were holding over from the low contrast test-plus-mask 
presentation and occurring even when the reference stimu-
lus was presented alone.  
In short, the two peculiarities described here are con-
sistent with a scheme where the extent of dichoptic sup-
pression depends on the recent history of a target mecha-
nism subjected to dichoptic masking. If the target response 
is low (low match and test contrasts), then suppression con-
tinues to act even when the mask is removed, whereas if 
target response is high (high match and test contrasts), sup-
pression becomes less effective. It was beyond the scope of 
the present work to address this issue directly, so our sug-
gestion remains speculative, but these anomalies are pro-
vocative issues to be explored more fully in the future, by us 
or by others.  
Conclusions 
Suppression is a substantial and widespread phenome-
non at low test spatial frequencies. It can be observed both 
at and above detection threshold and is evident when the 
mask is either superimposed or surrounds the test stimulus. 
In particular, it can also be found dichoptically, suggesting 
a cortical site of suppression where information is com-
bined across the two eyes. Typically, however, we find that 
suppression is greater in the dichoptic condition than cor-
responding binocular and monocular conditions, suggest-
ing that suppression precedes binocular summation. 
Whether within-eye and cross-eye suppression arise at dif-
ferent stages or the same stage but with different weights in 
a suppressive gain pool (“Appendix A”) remains unclear.  
Appendix A: Two models of bin-
ocular summation 
Here we consider an “early” binocular summation 
model inspired by the architecture developed by Legge 
(1984). We also present a simple alternative that we refer to 
as the “late” binocular summation model, first described by 
Meese (2003). We validate the new model by demonstrat-
ing its ability to handle monocular, binocular, and dichop-
tic masking data gathered by Legge, but point out that it 
also offers a site for cross-channel dichoptic masking, am-
blyopic suppression, and eye-based accounts of binocular 
rivalry. The architecture of the early binocular summation 
model is less well equipped to do this because of its late 
stage of contrast gain control and binocular suppression. 
For example, on this model, a binocularly balanced ob-
server should have the same level of cross-channel suppres-
sion for comparable monocular and dichoptic conditions. 
This is at odds with much of our data and those of Chubb 
et al. (1989). The new model, which evolved from earlier 
thinking about binocular summation and dichoptic mask-
ing (Legge, 1984) in the context of contemporary thinking 
about contrast gain control (Heeger, 1992; Foley, 1994; 
Walker et al., 1998; Truchard et al., 2000), is presented in 
the spirit of a first attempt at achieving both of these de-
mands. Both models are currently receiving detailed quan-
titative examination and psychophysical testing by us and 
by Mark Georgeson.   
A schematic illustration of a model similar to that pro-
posed by Legge (1984) is shown in Figure A1. Note that, as 
in Legge’s model, binocular summation comes before con-
trast compression. Mathematically, this model can be ex-
pressed as follows: 
Output1 = (L2 + R2)1.2/(Z + L2 + R2 + POOLr), (A1) 
where L and R are the contrast (%) responses of the left 
and right eye to a binocularly fusible stimulus (e.g., a patch 
of vertical grating). The term Z is a constant, sometimes 
referred to as the semi-saturation constant, and POOLr is a 
function that describes the suppressive contribution from 
other (remote) mechanisms in the suppressive contrast gain 
pool. This term was not a feature of Legge’s model, is not 
fully specified here, and does not form part of the compu-
tations behind Figure A3. However, experiments by Foley 
(1994) and others prompt its inclusion, and we show it 
here for completeness. 
More generally, the values of the exponents in 
Equation A1 can be free parameters, but here are set to 
convenient values broadly consistent with the published 
literature. The behavior of this model for three different 
types of masking is shown in Figure A3. With Z = 1, pre-
dictions were made by calculating the responses of the 
model to (i) a test plus a mask stimulus and (ii) a mask 
stimulus alone. To derive detection thresholds for the test 
stimulus, the test contrast was adjusted to give an arbitrary 
constant difference (k = 0.4) between these two responses 
across all the conditions tested. In the monocular condi-
tion, a patch of test and/or mask grating is presented to 
just one eye. In the binocular condition, the same patch of 
test and/or mask grating is presented to both eyes. In the 
dichoptic condition, the patches of test and mask grating 
are presented to different eyes. The model predicts five dis-
tinct features that have been seen in psychophysical mask-
ing functions (Legge, 1984): (i) binocular detection thresh-
olds are slightly lower than monocular detection thresh-
olds, (ii) the upper parts of monocular and binocular mask-
ing functions are very similar, (iii) monocular and binocular 
masking functions are dipper shaped, (iv) dichoptic mask-
ing has little or no region of facilitation, and (v) dichoptic 
masking is greater and has a steeper slope than monocular 
and binocular masking.  
 
Downloaded from jov.arvojournals.org on 05/03/2019
Journal of Vision (2004) 4, 843-859 Meese & Hess 854 
POOLrR
Σ
( )2
( )2 ( )1.2
( )1.2
L
R
POOLrL
 
Figure A2. Late binocular summation model, proposed by Meese
(2003). In this model, binocular summation comes after contrast
gain control. The arrows indicate divisive suppression. The ex-
Figure A1. Early
In this model, b
trol. The arrow
apply to the ex
rows). A semis
model is not sho
An alterna
in Figure A2. 
cular suppress
channels prior
this model can
Output2 =
                
where w repre
and POOLrL 
suppressive co
(including cro
contrast gain p
cited channels
w = 1, and P
rameters is the
model and the
Output2 =
which is simila
In Figure 
(Equation A2)
ocular summat
and k were set
ter. A simplex 
The behav
cally, all five of
captured by th
seen in the late
version of the
its behavior ar
masking funct
above, and the
left (not shown
portant becaus
spread view (e
Harris & Will
quence of bin
ceives further a
The result
can arise from
Here we have 
 
Downloaded from jov.arvojoΣ
( )2
( )2
( )1.2
POOLr
L
R  
 binocular summation model, after Legge (1984).
inocular summation precedes contrast gain con-
s indicate divisive suppression. The exponents
citatory terms, which arrive from the left (no ar-
aturation constant that forms part of the formalponents apply to the excitatory terms, which arrive from the left
(no arrows). Semisaturation constants and cross-channel
weights that form part of the formal model are not shown (see
Equation A2). 
wn (see Equation A1). 
tive model of binocular summation is shown 
Here, contrast gain control, including intero-
ion, is applied to each of the monocular 
 to binocular summation. Mathematically, 
 be expressed as follows: 
Figure A
late bin
The thre
types o
unclear 
masking
 (L 2.4)/(Z + L2 + w.R2 + POOLrL) +   
  (R 2.4 )/(Z + w.L2 + R2 + POOLrR),  (A2) 
sents the weight of interocular suppression, 
and POOLrR are functions that describe the 
ntributions from other (remote) mechanisms 
ss-channel interocular contributions) in the 
ools for the left and right monocularly ex-
, respectively. In the simplifying case, where 
OOLrL = POOLrR, the number of free pa-
 same as in the early binocular summation 
 equation simplifies to 
 (L 2.4 + R 2.4)/(Z + L2 + R2  + POOLr), (A3) 
r but not identical to Equation A1.  
A3, the late binocular summation model 
 is fit to predictions made by the early bin-
ion model (Equation A1). The parameters Z 
 as before, leaving w as the only free parame-
algorithm estimated this to be 0.74.  
ior of the two models is very similar. Specifi-
 the features seen in psychophysical data and 
e early binocular summation model are also 
 binocular summation model. In the simpler 
 model (Equation A3), the main features of 
e preserved but the monocular and binocular 
ions converge at intermediate contrasts and 
 dichoptic masking function is shifted to the 
). The similarity of these two models is im-
e it brings into question a previously wide-
.g., Westendorf, 1989; McKee et al., 1994; 
is, 2001) that dichoptic masking is a conse-
ocular summation. This particular point re-
ttention elsewhere (Meese & Hess, in press). 
s from our experiments suggest that masking 
 a form of fast-acting interocular suppression. 
shown that this can be accommodated by a 
contras
eral we
tion (L
1994). 
the ga
and pr
also em
primar
ever, th
work h
for dic
(DeAn
Ou
of amb
the mo
contras
remain
urnals.org on 05/03/2019Early binocular summation
Late binocular summation
Te
st
 c
on
tra
st
 (%
)
Pedestal contrast (%)
1 4 1 6 6 40.50
0.5
1
2
4
8
1 6
3 2
dichoptic
monocular
binocular
 
3. Comparison of masking behavior for the early and
ocular summation models shown in Figures A1 and A2.
e different pairs of functions are for the three different
f masking experiment denoted by the labels. Although
in the figure, the functions for monocular and binocular
 do not cross. t gain control model that is also consistent with sev-
ll known effects of masking and binocular summa-
egge, 1979; Legge & Foley, 1980; Legge, 1984; Foley, 
A notable feature of the model is the early placing of 
in control stages on monocularly excited channels 
ior to binocular summation. A similar scheme has 
erged from observations of cellular activity in the 
y visual cortex (Walker et al., 1998). We note, how-
at contrary to our psychophysical results, single-cell 
as found cross-orientation suppression to be weaker 
hoptic presentation than for monocular presentation 
gelis et al., 1992; Walker et al., 1998). 
r model might also have some relevance to the study 
lyopia. When the binocular output is “lesioned” in 
del and replaced by monocular outputs, binocular 
t summation is abolished but dichoptic masking 
s intact, just as has been claimed to happen in some 
Journal of Vision (2004) 4, 843-859 Meese & Hess 855 
Burr, D. C., & Morrone, M. C. (1987). Inhibitory interac-
tions in the human vision system revealed in pattern-
evoked potentials. Journal of Physiology, 389, 1-21. 
[
amblyopes (Levi et al., 1979). Finally, our model architec-
ture also offers a route for ocular-based binocular rivalry 
(Lee & Blake, 2004). 
PubMed] 
Acknowledgments Burr, D. C., Morrone, M. C., & Maffei, L. (1981). Intra-
cortical inhibition prevents simple cells from respond-
ing to textured visual patterns. Experimental Brain Re-
search, 43, 455-458. [
This work was partially supported by Engineering and 
Physical Sciences Research Council Grant (GR/ 
S74515/01) awarded to TM and Mark Georgeson and Ca-
nadian Institutes of Health Research Grant #MOP53346 
awarded to RH. 
PubMed] 
Campbell, F. W., & Kulikowski, J. J. (1966). Orientational 
selectivity of the human visual system. Journal of Physi-
ology, 187, 437-445. [PubMed] 
 
Cannon, M. W., & Fullenkamp, S. C. (1991). Spatial in-
teractions in apparent contrast: Inhibitory effects 
among grating patterns of different spatial frequencies, 
spatial positions and orientations. Vision Research, 31, 
1985-1998. [
Commercial relationships: none. 
Corresponding author: Tim Meese. 
Email: t.s.meese@aston.ac.uk. 
Address: Neurosciences Research Institute, Aston Univer-
sity, Birmingham, UK. PubMed] 
Cannon, M. W., & Fullenkamp, S. C. (1993). Spatial in-
teractions in apparent contrast: Individual differences 
in enhancement and suppression effects. Vision Re-
search, 33, 1685-1695. [
Footnotes 
PubMed] 1This was confirmed in a control experiment in which 
both observers matched the contrast of a variable contrast  
test stimulus to an identical standard stimulus over a range 
of contrasts and without the presence of a mask. 
Cannon, M. W., & Fullenkamp, S. C. (1996). A model of 
inhibitory lateral interaction effects in perceived con-
trast. Vision Research, 36, 1115-1125. [PubMed] 
2The frame interleaving procedure that we used sets a 
theoretical maximum of 50%. In practice, the actual maxi-
mum is a little less than this because the black level of the 
monitor is slightly higher than zero cd/m
Carandini, M., Heeger, D. J., & Senn, W. (2002). A synap-
tic explanation of suppression in visual cortex. Journal 
of Neuroscience, 22, 10053-10065. [PubMed] 2. 
Carpenter, R. H. S., & Blakemore, C. (1973). Interactions 
between orientations in human vision. Experimental 
Brain Research, 18, 287-303. [
3One might consider probability summation for detec-
tion and contrast averaging for perception. 
PubMed] 4The pattern of results was not consistent across ob-
servers. The interested reader is referred to Yu et al. (2001) 
for details. 
Chen, C.-C., & Foley, J. M. (2004). Pattern detection: In-
teractions between oriented and concentric patterns. 
Vision Research, 44, 915-924. [PubMed] 
References Chen, C.-C., & Tyler, C. W. (2002). Lateral modulation of 
contrast discrimination: Flanker orientation effects. 
Journal of Vision, 2(6), 520-530, http://journal 
ofvision.org/2/6/8/, doi:10.1167/2.6.8. [
Albrecht, D. G., & Geisler, W. S. (1991). Motion selectivity 
and the contrast response function of simple cells in 
the visual cortex. Visual Neuroscience, 7, 531-546. 
[
PubMed] 
[ ] Article
PubMed] Chubb, C., Sperling, G., & Solomon, J. A. (1989). Texture 
interactions determine perceived contrast. Proceedings 
of the National Academy of Sciences U.S.A., 86, 9631-
9635. [
Blake, R. (1989). A neural theory of binocular rivalry. Psy-
chology Review, 96, 145-167. [PubMed] 
PubMed] Bishop, P. O., Coombs, J. S., & Henry, G. H. (1973). Re-
ceptive fields of simple cells in the cat striate cortex. 
Journal of Physiology London, 231, 31-60. [
Cornsweet, T. N. (1962). The staircase-method in psycho-
physics. American Journal of Psychology, 75, 485-491. 
[
PubMed] 
PubMed]  Bonds, A. B. (1989). Role of inhibition in the specification 
of orientation of cells in the cat striate cortex. Visual 
Neuroscience, 2, 41-55. [
Daugman, J. G. (1984). Spatial visual channels in the Fou-
rier plane. Vision Research, 24, 891-910. [PubMed] PubMed] 
Bruce, V., Green, P. R., & Georgeson, M. A. (2003). Visual 
perception: Physiology, psychology and ecology (4th ed.). 
Hove, East Sussex: Psychology Press. 
DeAngelis, G. C., Robson, J. G., Ohzawa, I., & Freeman, 
R. D. (1992). Organization of suppression in receptive 
fields of neurons in cat visual cortex. Journal of Neuro-
physiology, 68, 144-163. [PubMed] 
DeValois, R. L., & DeValois, K. K. (1990). Spatial vision. 
New York: Oxford University Press. 
 
Downloaded from jov.arvojournals.org on 05/03/2019
Journal of Vision (2004) 4, 843-859 Meese & Hess 856 
Dorais, A., & Sagi, D. (1997). Contrast masking effects 
change with practice. Vision Research, 37, 1725-1733. 
[PubMed] 
D’Zmura, M., & Singer, B. (1996). Spatial pooling in con-
trast gain control. Journal of the Optical Society of Amer-
ica A, 13, 2135-2140. [PubMed] 
Ejima, Y., & Takahashi, S. (1985). Apparent contrast of a 
sinusoidal grating in the simultaneous presence of pe-
ripheral gratings. Vision Research, 25, 1223-1232. 
[PubMed] 
Ellemberg, D., Wilkinson, F., Wilson, H. R., & Arseault, 
A. S. (1998). Apparent contrast and spatial frequency 
of local texture elements. Journal of the Optical Society of 
America A, 15, 1733-1739. [PubMed] 
Finney, D. J. (1971). Probit analysis (3rd ed.). London: 
Cambridge University Press. 
Foley, J. M. (1994). Human luminance pattern vision 
mechanisms: Masking experiments require a new 
model. Journal of the Optical Society of America A, 11, 
1710-1719. [PubMed] 
Foley, J. M., & Chen, C.-C. (1997). Analysis of the effect of 
pattern adaptation on pattern pedestal effects: A  
two-process model. Vision Research, 37, 2779-2788. 
[PubMed] 
Freeman, T. C. B, Durand, S., Kiper, D. C., & Carandini, 
M. (2002). Suppression without inhibition in visual 
cortex. Neuron, 35, 759-771. [PubMed] 
Georgeson, M. A. (1976). Antagonism between channels 
for pattern and movement in human vision. Nature, 
259, 413-415. [PubMed] 
Georgeson, M. A. (1980a). The graph-paper effect: Subjec-
tive stereoscopic patterns induced by moving gratings. 
Perception, 9, 503-522. [PubMed] 
Georgeson, M. A. (1980b). The perceived spatial frequency, 
contrast, and orientation of illusory gratings. Percep-
tion, 9, 695-712. [PubMed] 
Georgeson, M. A. (1985). The effect of spatial adaptation 
on perceived contrast. Spatial Vision, 1, 103-112. 
[PubMed] 
Georgeson, M. A. (1991). Contrast overconstancy. Journal 
of the Optical Society of America A, 3, 579-586. 
[PubMed] 
Georgeson, M. A. (1998). Edge-finding in human vision: A 
multi-stage model based on the perceived structure of 
plaids. Image and Vision Computing, 16, 389-405. 
Georgeson, M. A., & Meese, T. S. (1997). Perception of 
stationary plaids: The role of spatial features in edge 
analysis. Vision Research, 37, 3255-3271. [PubMed] 
Georgeson, M. A., & Meese, T. S. (2004). Contrast dis-
crimination and pattern masking: Contrast gain con-
trol with fixed additive noise [Abstract]. Perception 33, 
754-755. 
Gorea, A., & Sagi, D. (2001). Disentangling signal from 
noise in visual contrast discrimination. Nature Neuro-
science, 14, 897-919. [PubMed] 
Gorea, A., & Sagi, D. (2002). The unique criterion con-
straint: A false alarm? Reply. Nature Neuroscience, 5, 
707-708.  
Graham, N. (1989). Visual pattern analyzers. New York: Ox-
ford University Press. 
Greenlee, M. W., & Magnussen, S. (1988). Interactions 
among spatial frequency and orientation channels 
adapted concurrently. Vision Research, 28, 1303-1310. 
[PubMed] 
Harrad, R. A., & Hess, R. F. (1992). Binocular integration 
of contrast information in amblyopia. Vision Research, 
32, 2135-2150. [PubMed] 
Harris, J. M., & Willis, A. (2001). A binocular site for con-
trast-modulated masking. Vision Research, 41, 873-881. 
[PubMed] 
Harvey, L. O., & Doan, V. Y. (1990). Visual masking at 
different polar angles in the two-dimensional Fourier 
plane. Journal of the Optical Society of America A, 7, 116-
126. [PubMed] 
Heeger, D. J. (1992). Normalization of cell responses in  
cat striate cortex. Visual Neuroscience, 9, 181-197. 
[PubMed] 
Hess, R. F., Bradley, A., & Piotrowski, L. (1983). Contrast 
coding in amblyopia. I. Differences in the neural basis 
of amblyopia. Proceedings of the Royal Society of London 
B, 217, 309-330. [PubMed] 
Hirsch, J. A., Martinez, L. M., Pillai, C., Alonso, J.M., 
Wang, Q., & Sommer, F. T. (2003). Functionally dis-
tinct inhibitory neurons at the first stage of visual cor-
tical processing. Nature Neuroscience, 6, 1300-1308. 
[PubMed] 
Holmes, D. J., & Meese, T. S. (2001). Linear summation 
for remote masks in a contrast gain pool [Abstract]. 
Perception, 30(Suppl.), 81.  
Holmes, D. J., & Meese, T. S. (in press). Grating and plaid 
masks indicate linear summation in a contrast gain 
pool. Journal of Vision. 
Itti, L., Koch, C., & Braun, J. (2000). Revisiting spatial vi-
sion: Toward a unifying model. Journal of the Optical 
Society of America A, 17, 1899-1917. [PubMed] 
Klein, S., Stromeyer, III, C. F., & Ganz, L. (1974). The si-
multaneous spatial frequency shift: A dissociation be-
tween  the detection and perception of gratings. Vision 
Research, 14, 1421-1432. [PubMed] 
Kontsevich, L. L., Chen, C.-C., & Tyler, C. W. (2002a). 
Separating the effects of response nonlinearity and in-
ternal noise psychophysically. Vision Research, 42, 
1771-1784. [PubMed] 
 
Downloaded from jov.arvojournals.org on 05/03/2019
Journal of Vision (2004) 4, 843-859 Meese & Hess 857 
Kontsevich, L. L., Chen, C.-C., Verghese, P., & Tyler, C. 
W. (2002b). The unique criterion constraint: A false 
alarm? Nature Neuroscience, 5, 707. [PubMed] 
Kovacs, I., Papathomas, T. V., Yang, M., & Feher, A. 
(1996). When the brain changes its mind: Interocular 
grouping during binocular rivalry. Proceedings of the Na-
tional Academy of Sciences U.S.A., 93, 15508-15511. 
[PubMed][Article] 
Lee, S. H., & Blake, R. (2004). A fresh look at interocular 
grouping during binocular rivalry. Vision Research, 44, 
983-991. [PubMed] 
Lee, D. K., Itti, L., Koch, C., & Braun, J. (1999). Attention 
activates winner-take-all competition among visual fil-
ters. Nature Neuroscience, 2, 375-381. [PubMed] 
Legge, G. E. (1979). Spatial frequency masking in human 
vision: Binocular interactions. Journal of the Optical So-
ciety of America, 69, 838-847. [PubMed] 
Legge, G. E. (1984). Binocular contrast summation-II: 
Quadratic summation. Vision Research, 24, 385-394. 
[PubMed] 
Legge, G. E., & Foley, J. M. (1980). Contrast masking in 
human vision. Journal of the optical Society of America, 
70, 1458-1471. [PubMed] 
Lehky, S. R. (1988). An astable multivibrator model of bin-
ocular rivalry. Perception, 17, 215-228. [PubMed] 
Levi, D. M., Harwerth, R. S., & Smith, E. L. (1979). Hu-
mans deprived of normal binocular vision have bin-
ocular interactions tuned to size and orientation. Sci-
ence, 206, 852-854. [PubMed] 
Magnussen, S., & Kurtenbach, W. (1980a). Linear summa-
tion of tilt illusion and tilt aftereffect. Vision Research, 
20, 39-42. [PubMed] 
Magnussen, S., & Kurtenbach, W. (1980b). Adapting to 
two orientations: Disinhibition in a visual aftereffect. 
Science, 207, 908-909. [PubMed] 
McKee, S. P., Bravo, M. J., Taylor, D. G., & Legge, G. E. 
(1994). Stereo matching precedes dichoptic masking. 
Vision Research, 34, 1047-1060. [PubMed] 
McKee, S. P., Klein, S. A., & Teller, D. Y. (1985). Statistical 
properties of forced-choice psychometric functions: 
Implications of probit analysis. Perception & Psychophys-
ics, 37, 286-298. [PubMed] 
Meese, T. S. (1995). Using the standard staircase to meas-
ure the point of subjective equality: A guide based on 
computer simulations. Perception & Psychophysics, 57, 
267-281. [PubMed] 
Meese, T. S. (2003). Dich-, mon- and bi-optic masking revisited: 
Summation and suppression. Presented at the Annual 
General Meeting for the Applied Vision Association, 
College of Optometrists, London. 
Meese, T. S. (in press). Area summation and masking. Jour-
nal of Vision. 
Meese, T. S., & Georgeson, M. A. (in press). Carving up 
the patchwise transform: Towards a filter combination 
model for spatial vision. In S. P. Shohov (Ed.), Ad-
vances in Psychology Research (Vol. 34) Nova Science 
Publishers. 
Meese, T. S., Georgeson. M. A., & Hess, R. F. (2004). Bin-
ocular summation, interocular suppression and con-
trast gain control: Psychophysical model and data. Per-
ception, 33(Suppl.), 41. 
Meese, T. S., & Hess, R. F. (in press). Interocular suppres-
sion is gated by interocular feature matching. Vision 
Research. 
Meese, T. S., & Holmes, D. J. (2002). Adaptation and gain 
pool summation: Alternative models and masking 
data. Vision Research, 42, 1113-1125. [PubMed] 
Meese, T. S., & Holmes, D. J. (2003). Orientation masking: 
Suppression and orientation bandwidth. Perception, 
32, 388.  
Morrone, M. C., & Burr, D. C. (1986). Evidence for the 
existence and development of visual inhibition in hu-
mans. Nature, 321, 235-237. [PubMed] 
Morrone, M. C., Burr, D. C., & Maffei, L. (1982). Func-
tional implications of cross-orientation inhibition of 
cortical visual cells I. Neurophysiological evidence. 
Proceedings of the Royal Society of London B, 216, 335-
354. [PubMed] 
Morrone, M. C., Burr, D. C., & Speed, H. D. (1987). 
Cross-orientation inhibition in cat is GABA mediated. 
Experimental Brain Research, 67, 635-644. [PubMed] 
Mullen, K. T., & Losada, M. A. (1994). Evidence for sepa-
rate pathways for color and luminance detection 
mechanisms. Journal of the Optical Society of America A, 
11, 3136-3151. [PubMed] 
Olzak, L. A. (1985). Interactions between spatially tuned 
mechanisms: Converging evidence. Journal of the Opti-
cal Society of America A, 2, 1551-1559. [PubMed] 
Olzak, L. A. (1986). Widely separated spatial frequencies: 
Mechanism interactions. Vision Research, 26, 1143-
1153. [PubMed] 
Olzak, L. A., & Laurinen, P. I. (1999). Multiple gain con-
trol processes in contrast-contrast phenomena. Vision 
Research, 39, 3983-3987. [PubMed] 
Olzak, L. A., & Thomas, J. P. (1981). Gratings: Why spatial 
frequency discrimination is sometimes better than de-
tection. Journal of the Optical Society of America, 71, 64-
70. [PubMed] 
Olzak, L. A., & Thomas, J. P. (1991). When orthogonal 
orientations are not processed independently. Vision 
Research, 31, 51-57. [PubMed] 
Olzak, L. A., & Thomas, J. P. (1999). Neural recoding in 
human pattern vision: Model and mechanisms. Vision 
Research, 39, 231-256. [PubMed] 
 
Downloaded from jov.arvojournals.org on 05/03/2019
Journal of Vision (2004) 4, 843-859 Meese & Hess 858 
Petrov, A. P., Pigarev, I. N., & Zenkin, G. M. (1980). Some 
evidence against Fourier analysis as a function of the 
receptive fields in cat’s striate cortex. Vision Research, 
31, 1337-1350. [PubMed] 
Phillips, G. C., & Wilson, H. R. (1984). Orientation 
bandwidths of spatial mechanisms measured by mask-
ing. Journal of the Optical Society of America A, 1, 226-
232. [PubMed] 
Polat, U., & Sagi, D. (1993). Lateral interactions between 
spatial channels: Suppression and facilitation revealed 
by lateral masking experiments. Vision Research, 33, 
993-999. [PubMed] 
Regan, D. (2000). Human perception of objects. Sunderland, 
MA: Sinauer. 
Ross, J., & Speed, H. D. (1991). Contrast adaptation and 
contrast masking in human vision. Proceedings of the 
Royal Society of  London B, 246, 61-69. [PubMed] 
Ross, J., Speed, H. D., & Morgan, M. J. (1993). The effects 
of adaptation and masking on incremental thresholds 
for contrast. Vision Research, 33, 2051-2056. [PubMed] 
Sasaki, H., & Gyoba, J. (2002). Selective attention to stimu-
lus features modulates interocular suppression. Percep-
tion, 31, 409-419. [PubMed] 
Sengpiel, F., Blakemore, C., & Harrad, R. (1995). Interocu-
lar suppression in the primary visual cortex: A possible 
neural basis of binocular rivalry. Vision Research, 35, 
179-195. [PubMed] 
Sengpiel, F., Blakemore, C., Kind, P. C., & Harrad, R. 
(1994). Interocular suppression in the visual cortex of 
strabismic cats. Journal of Neuroscience, 14, 6855-6871. 
[PubMed] 
Snowden, R. J. (1994). Adaptability of the visual system is 
inversely related to its sensitivity. Journal of the Optical 
Society of America A, 11, 25-32. [PubMed] 
Snowden, R. J., & Hammett, S. T. (1998). The effects of 
surround contrast on contrast thresholds, perceived 
contrast and contrast discrimination. Vision Research, 
38, 1935-1945. [PubMed] 
Solomon, J. A., Sperling, G., & Chubb, C. (1993). The 
lateral inhibition of perceived contrast is indifferent to 
on-center/off-center segregation, but specific to orien-
tation. Vision Research, 33, 2671-2683. [PubMed] 
Thomas, J. P. (1989). Independent processing of su-
prathreshold spatial frequency gratings as a function 
of their separation in spatial frequency. Journal of the 
Optical Society of America A, 6, 1102-1111. [PubMed] 
Thomas, J. P., & Olzak, L. A. (1997). Contrast gain control 
and fine spatial discriminations. Journal of the Optical 
Society of America A, 14, 2392-2405. [PubMed] 
Tolhurst, D. J., & Thompson, P. G. (1975). Orientation 
illusions and after-effects: Inhibition between chan-
nels. Vision Research, 15, 967-972. [PubMed] 
Truchard, A. M., Ohzawa, I., & Freeman, R. D. (2000). 
Contrast gain control in the visual cortex: Monocular 
versus binocular mechanisms. Journal of Neuroscience, 
20, 3017-3032. [PubMed] 
Walker, G. A., Ohzawa, I., & Freeman, R. D. (1998). Bin-
ocular cross-orientation suppression in the cat’s  
striate cortex. Journal of Neurophysiology, 79, 227-239. 
[PubMed] 
Watson, A. B. (1982). Summation of grating type patches 
indicates many types of detector at one retinal loca-
tion. Vision Research, 22, 17-25. [PubMed] 
Westendorf, D. H. (1989). Binocular rivalry and dichoptic 
masking: Suppressed stimuli do not mask stimuli in a 
dominating eye. Journal of Experimental Psychology, 15, 
485-492. [PubMed] 
Wetherill, G. B., & Levitt, H. (1965). Sequential estima-
tion of points on a psychometric function. British Jour-
nal of Mathematical & Statistical Psychology, 18, 1-10. 
[PubMed] 
Wilson, H. R. (1980). A transducer function for threshold 
and suprathreshold human vision. Biological Cybernet-
ics, 38, 171-178. [PubMed] 
Wilson, H. R., Levi, D., Maffei, L., Rovamo, J., & De-
Valois, R. (1990). The perception of form: Retina to 
striate cortex. In L. Spillman & J. S. Werner (Eds.), 
Visual Perception: The neurophysiological foundations (pp. 
231-272).  London: Academic Press. 
Wilson, H. R., McFarlane, D. K., & Phillips, G. C. (1983). 
Spatial frequency tuning of orientation selective units 
estimated by oblique masking. Vision Research, 23, 873-
882. [PubMed] 
Wolfe, J. M. (1986a). Stereopsis and binocular rivalry. Psy-
chology Review, 93, 269-282. [PubMed] 
Xing, J., & Heeger, D. J. (2000). Center-surround interac-
tions in foveal and peripheral vision. Vision Research, 
40, 3065-3072. [PubMed] 
Xing, J., & Heeger, D. J. (2001). Measurement and model-
ling of center-surround suppression and enhancement. 
Vision Research, 41, 571-583. [PubMed] 
Yu, C., Klein, S. A., & Levi, D. M. (2001). Surround 
modulation of perceived contrast and the role of 
brightness induction. Journal of Vision, 1(1), 18-31, 
http://journalofvision.org/1/1/3/, doi:10.1167/1.1 
.3. [PubMed][Article] 
Yu, C., Klein, S. A., & Levi, D. M. (2002). Facilitation of 
contrast detection by cross-oriented surround stimuli 
and its psychophysical mechanisms. Journal of Vision, 
2(3), 243-255, http://journalofvision.org/2/3/4/, 
doi:10.1167/2.3.4. [PubMed][Article] 
 
Downloaded from jov.arvojournals.org on 05/03/2019
Journal of Vision (2004) 4, 843-859 Meese & Hess 859 
Yu, C., Klein, S. A., & Levi, D. M. (2003). Cross- and iso-
oriented surrounds modulate the contrast response 
function: The effect of surround contrast. Journal of 
Vision, 3(8), 527-540, http://journalofvision.org 
/3/8/1/, doi:10.1167/3.8.1. [PubMed][Article] 
Yu, C., & Levi, D. M. (2000). Surround modulation in 
human vision unmasked by masking experiments. Na-
ture Neuroscience, 3, 724-728. [PubMed] 
Zenger, B., & Sagi, D. (1996). Isolating excitatory and in-
hibitory nonlinear spatial interactions involved in  
contrast detection. Vision Research, 36, 2497-2513. 
[PubMed] 
Zenger-Landolt, B., & Heeger, D. J. (2003). Response sup-
pression in V1 agrees with psychophysics of surround 
masking. Journal of Neuroscience, 23, 6884-6893. 
[PubMed] 
 
 
 
Downloaded from jov.arvojournals.org on 05/03/2019
